Abstract: Blender and feeder are very important devices in a polymer processing plant. The accuracy in delivering the polymer to the plastification unit is a fundamental property for the quality of the final product. To maximize accuracy and precision gravimetric feeder are the best available solution, which measure the weight of the hopper and the feeder. In these devices, it is possible to estimate the delivered flow based on a loss-in-weight method and to design closed loop control systems to regulate the polymer flow. Specifically, in this work vibrating duct feeder are considered which show a peculiar nonlinear dynamics due to the vibrating element. Then, a nonlinear gain scheduling controller has been designed using an implementation which guarantee satisfaction of the so called linearization property.
INTRODUCTION
In many polymer transformation processes, i.e. injection moulding, blow moulding and film processing, extruders (or more generically plastification units) are necessary to melt the material and push it towards the output die, by means of a rotating screw, where the extruded final product is shaped and forwarded to the final processing step. During the plastification process, the polymer undergoes very complex thermo-mechanical transformations inducing strong changes in the physical properties of the material, which have great influence on the final product quality ( [4] and [9] ). In the feeding section, the solid polymer is fed into the extruder through a blender in the form of granulate, pellets or irregular small bits. Blenders are key elements in the plastic extrusion process since they decide both the proportion of the different components in the final blend and the quantity of material per unit time that must be processed ( [3] , [5] ). The final product quality in polymer processing is strongly dependent on the precision of metering and blending of the polymer through the extruder ( [6] , [8] and [9] ). So, accurate regulation of the mass flow delivered from the blender to the extruder is strongly advised. Usually, from two to six different polymeric components are blended in the feeding section by means of gravimetric or volumetric systems. Traditionally, continuous metering of plastic was performed by volumetric blenders, which are not equipped to measure the plastic quantity actually delivered to the extruder. So, they are controlled in open loop and their performances are poor in many operating conditions, in particular during changes in the flow requested by the extruder.
In this work, gravimetric blenders with vibrant ducts are considered: the hopper weight is measured and the plastic flow is usually computed according to a loss-in-weight rationale and finally the polymer is transported along a duct by means of a vibrator and delivered to the extruder. The gravimetric blenders can provide accurate flow control by means of closed loop control: so, they can give the chance of a considerable increase in performances, provided that an accurate mass flow estimate is computed on the basis of the weight measurements. Closed loop control of gravimetric blending provides many advantages with respect to volumetric blenders: metering is independent of material density variations; the frequent calibrations needed for volumetric feeders are not necessary; the increased accuracy considerably reduces the incidence of raw material costs. Finally, the material savings preserve the environment from pollution due to unnecessary plastic waste. In order to perform closed loop flow control, it must be noticed that vibrating duct of gravimetric meters shows a nonlinear dependence of the mass flow on the amplitude of the vibration. In particular, respectively at low and high vibration amplitudes, the flow sensitivity to amplitude is very small and so the controller gain must be increased. In this paper, the control system design problem for a gravimetric blender with vibrant duct is considered by resorting to a gain scheduling method. First of all, a nonlinear model of the plant is designed. Then, based on the model, a nonlinear feedback controller is designed to work on a wide operating range of the system directly using weight measurements. In particular, first, a set of linear pole placement regulators is designed for the models obtained by linearizing the model about different operating points. Then, starting from such linear regulators a gain scheduling 
Moreover the actuation system presents a transient due to electro-mechanical dynamic. Then, the overall dynamical behavior of the vibrator can be modeled with two components: a non-linear gain, which represents the static characteristic k V (u), and a dynamic term, according to:
where a(t) and a ST (t) are the measured acceleration and the static acceleration value respectively and τ V is the time constant of vibrator actuation system. The vibrator is rigidly connected to the duct, which provides to the mixer a material flow q(t) proportional to the vibration amplitude a(t). Nevertheless from the dynamical tests, a peak resonance has been discovered: then the duct dynamic has been model as in (3) .
where k D , ω n and ξ are the gain, resonance frequency and damper of the duct respectively. The material flow q(t) exiting from the duct is extracted from the hopper: considering the mass balance, the hopper mass m(t) can be obtained by integration, as described in (4).
The complete non-linear model is summarized in (5). The model parameters τ V , k D , ω n and ξ of the mathematical model have been identified by minimizing the error between model simulation and experimental response to different steps variation.
Finally, the mathematical model has been validated considering a different input signal (sinusoid), as shown in Fig. 4 . The gain scheduling approach is one of the most popular techniques in nonlinear control, and it has been successfully applied in several applications where the dynamic behavior of the plant changes with the operating regime ( [13] and [15] ). Basically, the design of a gain scheduling controller is done according to the following rationale: select a number of equilibrium points covering the operating range of the nonlinear plant and compute a set of linear tangent approximating models of the plant in these equilibrium points; design a set of linear controllers according to some design criterion and feedback property; interpolate the different local loops, i.e., change (schedule) the parameters (gains) of the local controllers. The interpolation relies upon an exogenous variable capturing the plant operating conditions, called scheduling variable ( [12] , [14] [16] and [17] ). In this work, a gain scheduling controller is designed by following the approach presented in [16] using the controller input as scheduling variable. Specifically, a set of linear tangent models are computed on the basis of the non linear model presented in Section 3; then local controllers are designed using pole placement. Finally, the nonlinear controller gains are obtained by properly interpolating the gains of the linear regulators as a function of the scheduling variable. The key issue of the method applied in this work, is the "velocity" implementation of the nonlinear controller. In fact, since the linear regulators operate on the perturbations of the plant input and output, differentiation is performed on the feedback variables, so that the linear controllers have access to small variations of the global variables. Integral action is provided at the plant input, resulting in zero steadystate error and preserving the I/O transfer functions at the operating points. Fig. 6 .
Gain Scheduling on the Non Linear System
In order to design the gain scheduling controller, the nonlinear system (6) Table 2 . Notice that, as expected from the shape of the nonlinear part of the system (see Fig. 3 ), the controller gains are larger for both small and large vibration amplitude. Then, the parameters of the regulators designed on the linear tangent models corresponding to the different equilibrium points have been interpolated, in order to obtain controller parameters in function of the variable α (which correspond to input variable u in this particular situation) that defines the operating point.
Table 2 -Operating points and controllers parameters
The interpolating function K(α) should be continuous and differentiable in order to preserve the linearization properties ( [12] and [17] ): for this reason, a 4th order polynomial function has been adopted. Notice that each component of the of the gain vector K has its own interpolating polynomial, obtained from the values at the different operating points. An example of the interpolating function regarding the controller parameter K V is shown in Fig. 7 . Fig. 7 . Interpolating function for the gain-scheduling controller parameter K V Finally, the controller parameters which vary in function on the operating condition has been inserted in the control scheme shown in Fig. 5 , obtaining the gain-scheduling regulator for the non-linear system.
CONTROLLER PERFORMANCE EVALUATION
The gain-scheduling controller has been designed to obtain the desired closed-loop system dynamic imposed with the pole placement methodology in each operating conditions. The most different and critical operating conditions are the low (and high) range of input (from 0% to 30% and from 80% to 100%), where the plant has a reduced sensitivity to the input variations, and the medium range of input (from 40% to 75%), where the plant presents and elevated gain. For this reason, the gain-scheduling controller has been tested on the real plant in both the conditions, applying different steps to the required material flow reference. The experimental results show that the closed-loop system correctly tracks the reference signal and maintains the desired dynamic behavior (settling time) in each operating condition, due to the significant variation of the control parameters, as shown in Fig. 8 . Fig. 8. Step response of the gain-scheduling controlled system and parameter variation Moreover, the gain-scheduling controller has been compared to two different linear pole-placement controllers designed on the local linear tangent systems, as described in section 5.1. In particular, with the three different regulators, that are the gain-scheduling controller (red line), the linear pole placement controller designed for low material flow (blue line) and linear pole placement controller designed for medium material flow (green line): the results are illustrated in Fig. 9 . The linear controllers properly work in the operating conditions where they have been design but presents overshooting or oscillation in the other condition. On the contrary, the gain-scheduling controller ensures good dynamic behavior in both the operating conditions without oscillation or overshooting. Since each controller has been designed to obtain the same closed-loop dynamic (defined by the pole position P), a model reference considering ideal behavior has been implemented and the corresponding step response (black dashed line) has used to quantify the controllers performance considering the mean squared error between model reference y MM and controlled closed-loop system y CCLS , defined as:
The performance evaluation, shown in Table 3 , evidences the effectiveness of the gain-scheduling controller in each operating condition whereas the local linear controllers presents a small error just in the operating condition where they have been designed. In this work, a gain scheduling control method based on the pole placement has been applied to a gravimetric feeder with vibrant duct, guaranteeing the respect of the linearization property of the nonlinear controlled system. Experimental validation has been performed and has evidenced that the designed controller guarantee the desired performance in all the operating conditions, in particular at small flow values is able to give similar performances at large flows. Notice that differentiation of the measured variables does not affect the control system performances. 
